Signal transduction pathways alter the gene expression program in response to extracellular or intracellular cues. Mitogen-activated protein kinases (MAPKs) govern numerous cellular processes including cell growth, stress response, apoptosis, and differentiation. In the past decade, MAPKs have been shown to regulate the transcription machinery and associate with chromatin-modifying complexes. Moreover, recent studies demonstrate that several MAPKs bind directly to chromatin at target genes. This review highlights the recent discoveries of MAPK signaling in regard to histone modifications and chromatin regulation. Evidence suggesting that further unknown mechanisms integrate signal transduction with chromatin biology is discussed.
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Signal transduction pathways alter the gene expression program in response to extracellular or intracellular cues. Mitogenactivated protein kinases (MAPKs) govern numerous cellular processes including cell growth, stress response, apoptosis, and differentiation. Over the past decade, MAPK-signaling studies have shown that phosphorylation of transcription factors by MAPKs is a trigger for the recruitment of transcriptional machinery, including RNA Polymerase II (Pol II), chromatinremodeling complexes, histone acetyltransferase complexes, and histone deacetylases to target genes (Suganuma and Workman, 2011) . Moreover, recent studies demonstrate that several MAPKs bind directly to chromatin at target genes. This Perspective reviews the recent discoveries of MAPK signaling in regard to histone modifications and chromatin regulation. Evidence suggesting that further unknown mechanisms integrate signal transduction with chromatin biology is discussed.
Cells have elaborate systems in place for survival under extracellular stress conditions. For example, MAPKs are responsible for amplification of cell wall integrity (CWI) signaling in Saccharomyces cerevisiae and regulate both gene activation and transcriptional elongation. CWI signaling occurs in response to cell wall stressors, such as elevation of growth temperature (Levin, 2005) . Such stress activates MAPKs (Mpk1 or Mlp1), which bind to the transcription factor SBF (SCB [Swi4,6-dependent cell cycle box] binding factor).
SBF is comprised of the Swi4 and Swi6 proteins. Phosphorylated Mpk1 and Mlp1 kinases bind to the CWI signaling target gene, FKS2, in response to heat stress. Phosphorylated Mpk1 has also been shown to function in transcription elongation on the FKS2 gene via association with the RNA Pol II-associated complex (Paf1C), consisting of the Paf1, Cdc73m Rtf1, Ctr9, and Leo1 proteins. The association of Paf1 with the FKS2 gene is required for SBF occupancy of the promoter (Kim and Levin, 2011) . However, the binding of phosphorylated Mpk1 to Paf1C-Pol II on the coding region is not dependent on SBF, since SBF binds only to the promoter of FKS2. In addition, the association of Mapk1-Paf1-Pol II with FKS2 prevents recruitment of the Sen1 complex (Sen1-Nrd1-Nab3), which has been shown to terminate, specifically, short transcripts including small nucleolar RNA (snoRNA) cryptic unstable transcripts (Arigo et al., 2006) . The influence of FKS2 on transcription elongation is lost in the paf1-4A mutant, which is defective in its interaction with Mpk1 but still binds RNA Pol II. This transcriptional suppression is reduced in the sen-1 mutant. Therefore, the repression of FKS2 transcription by dissociation of Paf1 with Mpk1 depends on loss of Sen1 recruitment to FKS2 gene (Kim and Levin, 2011) . Hence, Mpk1 links to transcription elongation through its interaction with Paf1; however, the regulation of intermolecular switching between Mpk2 and Sen1 complex with Paf1 on the coding region of the FKS2 gene is unclear.
MAPKs have been found to interact directly with target genes. Upon osmotic stress, the Hog1 kinase translocates into the nucleus (Pelet et al., 2011) . Chromatin immunoprecipitation experiments coupled with microarrays (ChIP-chip) have shown that Hog1 binds to 36 different genes at the onset of osmotic stress (Pokholok et al., 2006) .
Transcription activation of the Hog1-driven genes, such as pSTL1, increased linearly with increased osmotic stress at high doses of salt (from 0.4 to 0.8 M NaCl). However, it was found that expression of the pSTL1 gene is bimodal under weak osmotic stress conditions (0.15-0.2 M NaCl) through single-cell analysis for fluorescent-expressed proteins and transcription reporter probing by flow cytometry (Pelet et al., 2011) . Interestingly, histone H3 quantitative ChIP data showed that bimodal Hog1-driven gene expression is reflected by the degree of histone eviction at the promoter, when the cell is exposed to osmotic stress up to 0.2 M. Thus, the bimodality of expression was attributed to a threshold in activation, resulting from chromatin remodeling at target genes. Interpretively, some cells pass this threshold at low levels of osmotic stress, while others do not. Consistent with this observation, mutations that might impair chromatin remodeling raised this threshold for H3 eviction and increased the bimodality of expression. Hog1 is known to recruit the RSC (remodels the structure of chromatin) nucleosome remodeling complex to stressresponse genes. Loss of Hog1 resulted in loss of histone eviction at the promoter. Mutation of SAGA subunits (gcn5, ada2, or spt3) or the RSC subunit (rsc9) reduced histone eviction. Loss of SAGA reduced bimodal expression in low osmotic stress, but loss of RSC had a smaller effect on bimodal gene expression (Pelet et al., 2011) . These results suggest that the chromatin-remodeling threshold requires histone acetylation by SAGA (Figure 1) . Hog1 phosphorylates the Sko1 transcription factor, which then recruits SAGA to Hog1-activated genes. It has been shown that subunits of RSC contain bromodomains, which interact with acetylated nucleosomes during remodeling (Kasten et al., 2004) . Thus, a possible scenario is that Hog1 at the pSTL1 gene promoter recruits SAGA through Sko1 phosphorylation, and SAGA-acetylated histones at the promoter may induce RSC remodeling ( Figure 1) . However, any of these steps could be rate-limiting, leading to the bimodal gene expression patterns observed at low levels of osmotic stress. It has also been suggested that SAGA may not be required for chromatin remodeling, but its HAT activity plays several important roles in gene activation (Biddick et al., 2008) . Hence, other components required for chromatin remodeling are also likely to be involved; for example, histone chaperones accepting the evicted histones. It is still unknown how nucleosomes are rearranged during and after cellular exposure to osmotic stress.
Regardless of which exact step is limiting, the requirement for chromatin remodeling imposes a transcriptional threshold in the response of individual cells to linearsignaling gradients (Pelet et al., 2011) .
Extracellular signal-related kinases (ERK) 1/2 bind directly to the insulin gene promoter in pancreatic beta cells in response to glucose (Lawrence et al., 2008) . The binding of ERK1/2 to the insulin or the fos gene promoter in response to glucose is required for ERK1/2 kinase activities. In interferon-gammainduced genes, the ERK2 kinase binds to sequence-specific sites in the promoters and represses transcription (Hu et al., 2009) . The DNA consensus sequence G/ CAAAG/C interacts directly with recombinant ERK2, and the binding of ERK2 to this motif suppresses gene expression. Expression of 78 of 82 genes containing this consensus sequence was increased in ERK2 knock-down cells. Moreover, suppression of gene expression by ERK2 did not depend on its kinase activity (Hu et al., 2009) . Hence, it would be interesting to study how kinase-activity-dependent transcription activation is coupled with catalytic activity-independent kinase repression of target gene expression.
Histones bound to downstream target genes can be direct targets of MAPK signaling. Progesterone activates the Src/ Ras/ERK/MSK1 cascade in T47D-MTVL breast cancer cells. Progesterone receptors ERK and MSK1 are rapidly recruited to the mouse mammary tumor virus (MMTV) promoter, where MSK1 phosphorylates histone H3 serine 10 (H3S10) 5 min after hormone treatment, leading to displacement of the repressor, heterochromatin protein 1 gamma (HP1 g) (Vicent et al., 2006) . Hormone treatment of T47D-MTVL cells also leads to the recruitment of Brg1, a component of the BAF (SWI/SNF) chromatin-remodeling complex and the PCAF (SAGA) histone acetyltransferase, which acetylates histone H3K14 on the promoter (Vicent et al., 2009) . Non-histone proteins, including several MAPKs, are known to be reversibly phosphorylated and dephosphorylated. However, phosphorylation of histones on the target genes implies that MAPK may epigenetically control target nucleosomes.
Although cells need to mount a significant transcriptional response to MAPK signaling, their recovery from stress signaling is important. Transcriptional co-repressor complexes have been shown to antagonize transcription activation by MAPK signaling. The methyl-CpG-binding domain protein 3 (MBD3), containing the nucleosome remodeling and histone deacetylation (NuRD) repressor complex, interacts with unphosphorylated c-Jun but not phosphorylated c-Jun (Aguilera et al., 2011) . et al., 2011). Hence, NuRD may serve to suppress acetylation levels at c-Jun and c-Jun transcription under non-stress conditions. In Drosophila, the activation transcription factor-2 (ATF2) contributes to heterochromatin formation, maintaining H3K9me2 and HP1 occupancy (Seong et al., 2011) . Heat shock induces Mekk1-p38 kinase to phosphorylate ATF2, which then relocalizes to specific loci in euchromatin, leading to disruption of heterochromatin and reduction of H3K9me2 and HP1 occupancy. This stress-induced heterochromatin disruption via ATF2 phosphorylation is inherited in subsequent generations (Seong et al., 2011) . Since MAPK activation responds to several different stimuli, it will be important to define how MAPK-induced modifications to chromatin are inherited. Why do suppression mechanisms for recovery from stress signaling not recover the original chromatin configurations? To address the epigenetic effects from stress signaling, it will be important to determine and reproduce the physiologically normal range of heat shock stimulation in animals.
MAPK signaling affects chromatin modifications in multiple ways through phosphorylation of transcription factors, which recruit chromatin-modifying complexes and through direct phosphorylation of histones. Exploring the prevalence and interplay between these pathways will be an important step toward understanding signaling, chromatin, and epigenetics.
